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SUMMARY

Comparisons of wind-tunnel and flight-measuredvalues of stability

and control characteristicsare of considerableinteresttothe designer,
since the wind-tunnelmethod of testing is one of the prime sources upon
which estimatesof the characteristicsof a new configurationare based.
IIIthis paper comparisonsaremade of someofthe more importantstability
and control characteristicsof three swept-wingairplanesas measured in

flight and in wind tunnels. Wind-tunneldata are used from high-speed
closed-throattunnels,aslotted-throattransonictunnel,anda supersonic

tunnel.

The comparisonshows that, generallyspeaking, the wind tunnels pre-

dict all trends of characteristicsreasonablywell. There are, however,
differences in exact values of parameters, which could be attributed

somewhat to differences in the model caused by the method of support.
The small sizeofthe models may have some effect on measurementsof flap

effectiveness. When non-linearitiesin derivatives occur during wind-

tunneltests, additionaldata shouldreobtained intheregion of the non-
linearities. Also, non-linearitiesin static derivativesmust be anal-

yzed on the basis of dynamic motions of the airplane. Aeroelasticcor-
rectionsmust be made to the wind-tunnel data for models of airplanes
which have thin surfaces and are to be flown at high dynamic pressures.
Inlet effects can exert an influenceon the characteristics,depending
upon air requirementsof the engine and locationof the inlets.
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SOMMAIRE

~ comparison des qualit& de stabilit~et de contr~led~montr~esau

tours d’exp~riencesen souffleriesd’une part, au tours d’essais en vol
d’autrepart, pr&sentepour l’eng~nieurun inl%r~tconsid&able, car les
m~thodesd’exp~rimentationen souffleriesfournissentles donn;es prin-

cipals sur lesquelleson se base pour juger des proprii$t&d’un nouveau
mod;le. Au tours de cet expos~, l’auteur~tablit des comparisons entre

les r;sultats obtenus en vol et en souffleriesen ce qui concerne cer-
taines qualit& de stabilit~et de contr~le parmi les Plus importances,

de trois avions ~ ailes en fl>che. Les donn~es obtenuesen souffleries

r&ultent d’exp~rienceseffectu~esclansdes souffleries& grande vitesse
et ~ veine ferm~e,clansune soufflerietranssonique& veine perforde,et

clansune souffleriesupersonique.

Les comparisons ~tabliesmontrentque, en r>gle g~n&ale, les exper-
ienceseffectu~es en souffleriesmettent assez bien en &idence toutes
les tendancesclansle comportment flesappareils. On observecependant,

clansles valeurs exactes des param;tres,des diff~rences que l’on peut
attribuerclansune certainemesure ~ux mfthodesdemontagedes maquettes.

k taille r~duitedesmaquettespeutinfluersurles mesuresdel’efficacit~
des volets. Lorsque,aucours d’exp~riencesen souffleries,les d~riv;es

deviennentnon-lin~aires,on devrait obtenir des donn~es additionnelles

danslar;giono~les d~riv~escessentd’~tre lin~aires. De m~me, lorsque
les d~riv;es statiquesdeviennentnon-lin;aires,ce ph~nom?nedoit ~tre
analysf sur la base des d~placements dynamiques de l’avion. On doit
apporter aux donn~es fournies par les exp~riences en souffleries des

correctionsconcernant l’a~rodlasticit~,lorsqu’il s’agit de maquettes
d’avions& surfacesminces devant voler &dehautes pressions dynamiques.
L.eseffets dfisauxadmissionsd’airpeuvent ;galementexerceruneinfluence
sur les propri;t~s de l’appareil, influence qui d~pend des besoins en
air du moteur et de l’empla”cementdes admissions.
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NOTATION

cm pitching-momentcoefficient

‘q static margin, percentmean aerodynamicchord

A(7
MC, (C’’’CL)W(C”CCL)F)F

c pitching-momentcoefficientdue to stabilizerdeflection,per degreeIllit

CN normal-forcecoefficient

cNa normal-force-curveslope, per degree

directionalstabilityparameter,per degree
Cnb

it stabilizerangle, negativewhen stabilizerleadingedge down, degrees

A it (ih - (i+
M Mach number

pb ~

/X
wing-tiphelix angle per degree ailerondeflection,radians/degree

.

qt/q dynamic pressureratio at tail

a angle of attack,degrees

de/da variationof downwashangle with angle of attack

r relativeelevatorstabilizereffectiveness

e angle of downwashat the horizontaltaiI, degrees

qt dynamicpressureat the horizontaltail, lb/sq ft

q dynamic pressure,lb/sq ft

P rollingvelocity,radians/see

b wing span, ft

v true airspeed,ft/sec

8 aileron deflectionin degrees

Subscripts: F flight WT wind tunnel

vi



SOME CORRELATIONS OF FLIGHT-MEASURED AND WIND-TUNNEL

MEASURED STABILITY AND CONTROL CHARACTERISTICS
OF HIGH-SPEED AIRPLANES

Walter C. Williams*,Hubert M. Drake* and Jack Fischel*

1. INTRODUCTION

One of the principaltools of the aircraftdesigner in predictingthe stabilityand

control characteristicsof a new airplaneis the use of models tested in wind tunnels.
There is, of course,thequestionwhether the model results accuratelypredict,in full
flight, characteristicsof the airplane in free flight or, in other words, the degree

of correlationbetween the two results. This problemhas receivedconsiderableatten-

tion. Most of this work (Reference 1 for example) has been performed at subsonic

speeds and indicatesthat, in general,good correlationcan be obtainedwhen the model
accuratelyrepresentsthe actual aircraft,and the tests, both flightand wind tunnel,
are carefullyperformed.

Some work has been reported on the correlationbetween the wind-tunneland flight-

measured stability characteristics in the transonic speed regime2. Correlations of

transonic and supersonic results are currentlyof particular interest in view of the
availability of wind tunnels capable of testing through the transonic speed range.
Problemsof correlationsinthis speed range are complicatedby the compromisesimposed

on the model by the mounting system, stings for example, where the aft end of the
fuselage must be altered to accommodate the sting. It is also necessary to utilize
much smaller models than were possible in the low-speedtunnels. The purposeof this

paper is to present some correlations of flight-measured and wind-tunnel measured
stabilityand control characteristicsof high-speedairplanes.

2. AIRPLANES AND TESTS

Three-swept-wingairplanes are considered in this study. All are single-engine,
fighter-size airplanes with a sweep range from 35° to 60°. Much of the flight data
were obtained at an altitude of 40,000 ft with some of the supersonicdata extending

to altitudes as high as 60,000 ft. The overall Reynolds number variation was from 8
million to 19.5 million. The flight data were obtained with power on, for the most

part between 90?4and 100% availablethrust.

The wind-tunneltests for these airplaneswere performedin the followingNACA wind
tunnels:

Langley 8 ft transonictunnel
Langley 8 ft high-speedtunnel

Langley high-speed7 ft x 10 ft tunnel
Langley 4 ft x 4 ft supersonicpressuretunnel.

*High-Speed Flight Station, N.A.C.A., Edwards, California, U.S.A.
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All models were sting supportedand the forces were measuredby internallymounted
strain-gagebalances. The Reynolds numbers of the test varied from 1.9 million to 3.6

million. The model tests were made with no-power simulationandtheinletswere faired
except for airplaneA which employedan open duct.
models and the actual airplanes in most cases. In

model scales are as follows:

Airplane A, 1/11 scale model:

8 ft transonictunnel tests
High-speed7 ft x 10 ft wind tunnel.

There were differencesbetween

general, these differencesand

the
the

1. The wind-tunnel model incorporatedan enlarged aft fuselage accept the sting
support.

2. The wind-tunnelmodel exposed-horizontal-tailareawas maintained,whichresulted

in increasedtail span.

These differencesare shown in Figure 1.

Airplane B, l/16scale model:

8 ft closed-throattunnel

8 ft transonictunnel
7 ft x 10 ft closed-throattunnel

4 ft x 4 ft supersonicpressuretunnel.

1. The wind-tunnelmodel incorporatedan enlargedaft fuselage to accommodatethe

sting support.

2. The wind-tunnel model incorporated constant-percentage-chord wing sections
compared with similar root sections but thicker tip sections on the airplane
wing. In addition,during the 8 ft closed-throattunneland 4 ft x 4 ft super-

sonic pressure tunnel tests, the model was testedwithout a cockpit canopy.

Airplane C, 1/14 scale model:

8 ~t transonictunnel
4 ft x 4 ft supersonictunnel.

3. RESULTS AND DISCUSSION

One of the prime considerationsin the measurement of airplane characteristicsis
the lift-curveslope of the airplane. A comparison of the variation of normal-force

coefficientwith angle of attack, for airplaneA as measured in flight and in the 8 ft
transonic tunnel at Mach numbers of 0.76 and 0.91, is shown in the upper part of

Figure 2. The data are fortrimmedconditions.As canbeseen inthis figure,thecorrela-

tion is reasonably good in the linear range. At angles of attack above peak lift or
above the break in the curve, indicativeof separated flow, there are discrepancies.

The lower portion of this figure shows the variationwith Mach number of the ratio of
flight-determinedto wind-tunnel-determinednormal-force-coefficientslope for air-

planes A and B. These slopes were taken at about the normal-force coefficient for

level flight. As can be seen, the results are within 10% of each other, with the

flight-measuredvalues being generallyhigher. The transonicdata UP to M = 1.15 were

obtained from the 8 ft transonictunnel, the data at M = 1.2 from the 8 ft high-speed
tunnel, and the higher Mach number data were obtained from the 4 ft x 4 ft supersonic

pressure tunnel.
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Determination of the static margin is important in establishing the necessary

center-of-gravityposition for a configuration. The variation of static margin with

Mach number is shown in Figure 3 for airplane A, as measured in the 8 ft transonic
wind tunnel,andas measured in flightfrompulse disturbances. The data are referenced

to the same center-of-gravityposition. This figure shows that similar variations
with Mach number are exhibited in the two sets of data. The flight data, however,

show a consistentlyhigher valueofstatic margin by about 3%. It is felt that differ-
ences between the model and airplaneinthe aft fuselageand horizontal-tailconfigura-

tions (Fig.1) could account for these discrepancies. The lower part of this figure
shows the incrementaldifference in static margin between the data from the two test

mediums for airplanes A and B at normal-force coefficients for level flights. As
stated previously,the data for airplane A exhibit a constant differenceof about 3%.

The flight values for airplane B are about 5% higher than the data from the closed-
throat tunnel uptoa Mach number of about 0.85. Above this Mach number the difference
decreases,andat a hlachnumberofabout 0.95 the wind-tunneldata show about 5% greater

static margin than that shownby the flight tests. This variationbetween Mach numbers
of 0.85 and 0.95 is felt to be caused by choking effects in the closed-throattunnel.

The results from the slotted-throattunnel are similar to those from the closed-throat
tunnel up to a Mach number of 0.85. Above this Mach number the difference varies

somewhat, but throughout the Mach number range the flight data show higher static
margins by from 1 to 5%. The supersonic data for airplane B show similar increments
in static margin. In this case, however, because of high stability levels, larger
errors can be tolerated.

In addition to checking the levels of stability, it is importantwith high-speed

configurationsto establish the variationsof stabilitywith angle of attack in order
to explore for the existence of non-linearities which may lead to an undesirable

characteristic,such as pitch-up. Typical variations of pitching moment, with angle
of attack for airplane A, as measured in flight and in the 8 ft transonic tunnel at
Mach numbers of 0.76 and 0.91, are shown in Figure 4. The flight data for the wing-
fuselage pitching-momentcoefficient (tail off) were obtained from measurements of
horizontal-tailloads. .Theoverall airplane pitching-momentcoefficientwas obtained

from flight-measuredvariationsof stabilizerangle with angle of attack correctedfor
pitching acceleration effects. In making these calculations, it was assumed that
pitching-momentcoefficientdue to stabilizer deflectionCmit was constant, qt/q was

equal to unity, and that the downwash de/da was constant. The data show that the
pitching-moment curves are generally similar. At both Mach numbers the comparison

yielded a difference in the angle of attack for trim. At a Mach number of 0.76, how-
ever, the non-linearitiesoccur in the tunnel data at lower angles of attack, and the

data do not exhibit the large dip in the curve that is shown for the flight results.
This differencecould possiblybe accounted for by the lack of sufficientwind-tunnel
test points to define such a variation. The data at a Mach number of 0.91 are con-
sidered to be reasonablysimilar,both tail off and tail on. It should be pointed out

that inspectionof the shape of the pitching-momentcurves is not sufficientto deter-
mine whether or not a pitch-upproblem exists. It has been found that pitch-upcan be
a problem evenwithairplaneshavingneutral stabilityoreven lightly positivestability

in the non-linearregion. The degreeofstability above the pitch-upisalso important.
To evaluate pitch-up, it is necessary to make calculationsof the motions of the air-

plane in dynamic nmuevers using assumed arbitrary pilot control inputs. It is felt

that these wind-tunneldata represent the flight case close enough for such calcula-
tions to be of value“inpredictingthe maneuveringcharacteristicsof the airplane.



4

Another importantlongitudinalcharacteristicis the variationwith Mach number of

the longitudinalcontrol deflectionrequired for level flight. Data of this twe are
shown in Figure 5. The upper portion of the figure shows the variation with ~ch
number of the stabilizerdeflectionfor trim for airplaneA as measured in flight and

in the 8 ft transonic tunnel. As can be seen, the variations are generally similar

for the two tests, with flight-measured data showing a large change in stabilizer

deflection required above a Mach number of 0.90 than shown by the wind-tunnel data.
In the lower portion of the figure where the differencebetween flight and wind-tunnel
measurementis shown for airplanesA and B, it can be seen that the differencebetween
flight and wind-tunneltrimvalues exceeds l“ofstabilizertravel only at a Mach number
of 0.98 for airPlane A. Over most of the range there is less than 0.5° difference in

stabilizerdeflectionrequiredfor trim.

Although elevator control on high-speedairplanes is being replaced by all-movable
or one-piece horizontal tails, it appears that flap-type rudders and ailerons may

continue to be used. Some comparisons of measured values of elevator effectiveness

are shown in Figure 6. The upper portion of this figure compares the variations of
elevatoreffectivenessr with Mach number as measured in flight and wind tunnel. This

figureshows that thereisan appreciabledifferencebetween the flight and wind-tunnel
data, particularlyabove a Mach number of 0.9 where a ❑uch larger decrease in elevator

effectivenesswas measured in flight than in the wind tunnel. Data are shown in the

lower part of Figure 6 on the basis of the ratio of flight-measuredto wind-tunnel-
measured values of T for airplanesA and B. Although the lower speed values, below a

Mach number of 0.8, are within lWO, the differencesin transonicvalues are as high as

ti5%. Somewhat better agreement is shown for the supersonicdata then for the tran-

sonic data. At a Mach number of 1.6 the data are in perfect agreement,which may be

fortuitous. Thesmall sizeofelevatorsusedon ❑odels suchas these make the measurement
difficult.

Additional flap-effectivenessdata are shown in Figure 7, in which some aileron

effectiveness informationfor airplane B is shown. In the upper part of this figure
the ratio of flight-measuredto wind-tunnel-measuredvaluesof(pb/2v)/8 is shown as a

functionof Mach number. The flight-measuredvaluesaregenerallylower than the wind-
tunnel values, reachingonly 7&% of the wind-tunnelvalues at Mach numbers above 0.90.
This differenceis understandablewhen it is consideredthat the wind-tunneldata were

obtained under non-rollingconditionsassuming freedominroll only, whereas the flight
data were obtained in rudder-fixedaileron rolls where the airplane was free to yaw
and pitch, as well as to roll. It is felt that aeroelasticitywas not an important
factor in this differencebecause the flight-testresults did not show a significant
effect of dynamic pressurewithin the range tested. The lower portion of this figure
shows the variation of aileron effectivenesswith Mach number for the two tests with
the data normalized to the value of effectiveness existing at M = O*6. These data

show that if the levelof effectivenesscould be accuratelyestablished,thewind-tunnel
tests would predict quite well the variationofaileron effectivenesswith Mach number.

Static directionalstabilityof a new configurationisof importanceto the designer
since it is one of the ❑ore important parameters in determining airplane behavior
under dynamic as well as static lateral conditions. It has been found that many of
the high-speedconfigurationsexhibit large changesindirectionalstabilitywith angle
of attack. Typical data for airplane A are shown in the uPPer Portion of Figure 8
where the static directionalstabilityC is plottedasa functionof angle of attack.

‘P
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These data were obtained in the 7 ft x 10 ft wind tunnel at a Mach number of 0.70.
There are no comparableflightdata for this case becauseofthe difficultyof measure-
ment in flight. As can be seen in this figure, the directionalstabilitybecomes zero
at an angle of attack of about 18°. From data such as these the variation with Mach

number of the angle of attack at which the directional stability is zero was deter-
mined. This boundary is plotted on the lower portion of this figure. Also shown are

points which represent the combinations of angle of attack and Mach number at which
directional divergences have occurred in flight. It should be noted that, for any
given Mach number, divergencesoccurredat angles of attack both less than and greater

than that required for zero directionalstability. It appearsthat, as in the case of
pitch-up,dynamic analysis of the airplane motions is required in order to assess the

problem.

Another variation of directional stability of concern to designers is that which

occurs with changes in Mach number. Figure 9 relates the variation of directional
stability with Mach number as measured in the wind tunnel to that measured in flight

for airplaneC. As can be seen, there are large discrepanciesbetween the basic wind-
tunneldata andtheflight values. Inthepreviouscasesshown,relativelythick airfoil

sectionswere usedon the empennageandthe dyanmic pressureforthe tests was relatively
low, less than 400 lb/ft2. In the present case the vertical-tailthicknesswas about
half that of the other airplanesand the maximum dynamic pressure was of the order of

850 lb/ft2. Aeroelasticeffectswere found to be of importance. When the wind-tunnel
data were correctedfor aeroelasticeffects,bending and twistingofthe vertical tail,

the agreement between the two sources was considerably better. This airplane has a
relativelylarge jet engine, and when correctionswere made for inlet effects (essen-
tially, the energy required to turn the air into the inlet) the data were then found

to agree within 10% throughoutthe Mach number range.

CONCLUDING REMARKS

Comparisonsof wind-tunneland flight-measuredstabilityandcontrol characteristics
showed that the wind-tunnel data predicted all trends of characteristicsreasonably

well. Discrepancieswere found in exact values,whichmay be attributedto differences
in the models causedbymountingconsiderationsand,inthe caseof flap effectivenesses,

to the small size of the models. Where non-linearitiesin derivatives occur during

wind-tunneltesting, it may be necessaryto run additionalpoints in the region of the
non-linearities. Non-linearities in static derivatives should be analyzed under
dynamicconditions. Aeroelasticitymust be consideredwhen dealingwith thin airfoils
and high dyanmic pressures. Inlet effects can be appreciable,depending on the size

of the engine and the locationof the inlets.
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